The short circulating half-life and side effects of IFN␣ affect its dosing schedule and efficacy. Fusion of IFN␣ to a tumortargeting mAb (mAb-IFN␣) can enhance potency because of increased tumor localization and improved pharmacokinetics. We used the Dock-and-Lock method to generate C2-2b-2b, a mAb-IFN␣ comprising tetrameric IFN␣2b site-specifically linked to hL243 (humanized anti-HLA-DR). In vitro, C2-2b-2b inhibited various B-cell lymphoma leukemia and myeloma cell lines. In most cases, this immunocytokine was more effective than CD20-targeted mAb-IFN␣ or a mixture comprising the parental mAb and IFN␣. Our findings indicate that responsiveness depends on HLA-DR expression/density and sensitivity to IFN␣ and hL243. C2-2b-2b induced more potent and longer-lasting IFN␣ signaling compared with nontargeted IFN␣. Phosphorylation of STAT1 was more robust and persistent than that of STAT3, which may promote apoptosis.
Introduction
In the United States, there were Ͼ 137 000 new cases of hematopoietic neoplasias (65 540 non-Hodgkin lymphoma [NHL], 20 580 multiple myeloma [MM] , and 43 050 leukemia) and 54 020 deaths from these diverse diseases in 2009. 1 IFN␣ exhibits clinical activity in NHL therapy, 2, 3 and its addition to rituximab immunotherapy has shown some clinical advantage. 4, 5 IFN␣ has been used for therapy of hairy cell leukemia and chronic myelogenous leukemia. 6, 7 For Ͼ 30 years, IFN␣ has been used in various ways for the management of MM. However, despite considerable efforts, numerous clinical trials, and 2 large meta-analyses, its exact role in the treatment of MM still remains unclear. 8 IFN␣ can have direct cytotoxic activity on tumors, inhibit angiogenesis, and stimulate both innate and adaptive immunity; however, its use in cancer therapy has been limited because of its short circulating half-life and systemic toxicity. Fusion of IFN␣ to a tumor-targeting mAb could enhance direct and indirect effects of IFN␣ and increase the therapeutic index by improved pharmacokinetics (Pk), increased local concentration, prolonged tumor retention, and limited systemic exposure of IFN␣. HLA-DR is an attractive target because it is expressed on the cell surface of many hematopoietic malignancies. 9 IMMU-114 (or hL243␥4p) is a humanized IgG 4 version of L243, a mouse anti-HLA-DR mAb, which was engineered to prevent the formation of half-IgG molecules associated with the IgG 4 isotype. 10 IMMU-114 has direct cytotoxicity on various types of hematopoietic cell lines in vitro and in vivo; as an IgG 4 variant, its effector functions, particularly complement-dependent cytotoxicity (CDC), are minimized. 11 We previously used the modular Dock-and-Lock (DNL) method 12, 13 to generate a novel immunocytokine, named 20-2b-2b (formerly 20-2b), which comprises 4 IFN␣2b groups tethered to veltuzumab (humanized anti-CD20 mAb), and showed potent in vitro and in vivo activity in human NHL xenograft models. 14 With the use of the DNL method, we subsequently engineered a bispecific mAb-IFN␣ (20-C2-2b) comprising veltuzumab fused to a stabilized hL243 F(ab) 2 and dimeric IFN␣2b, which exhibited potent cytotoxicity against NHL and MM cell lines. 15 Because HLA-DR is highly expressed on many types of hematopoietic cancers in which CD20 expression is largely limited to B-cell lymphoma, 9 we generated an HLA-DR-targeting mAb-IFN␣ (C2-2b-2b) comprising tetrameric IFN␣ fused to hL243 IgG 1 . Comparative studies with 20-2b-2b presented herein indicate that C2-2b-2b is more potent against NHL and has a much broader potential usage. C2-2b-2b may be useful for therapy of many hematopoietic neoplasias, including a variety of types of lymphoma, leukemia, and myeloma.
Methods

Abs and reagents
The following mAbs were provided by Immunomedics Inc: veltuzumab (anti-CD20 IgG 1 ); hL243␥4p (IMMU-114, anti-HLA-DR IgG 4 ); hL243 IgG 1 ; a murine anti-IFN␣ mAb; hMN-14 (labetuzumab); a rat anti-idiotype mAb hL243 (WT). Peginterferon alfa-2a (Hoffmann-La Roche) and recombinant IFN␣ (Schering Corp) were used as control reagents.
Cell culture
Heat-inactivated FBS was obtained from Hyclone. All other cell culture media and supplements were purchased from Invitrogen Life Technologies. Sp/ESF cells, a cell line derived from Sp2/0-Ag14 with superior growth The online version of this article contains a data supplement.
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properties, were maintained in Hybridoma Serum-Free Media. MEC-1 was grown in IMDM with 10% FBS, 1mM sodium pyruvate, 10mM L-glutamine, and 25mM HEPES. RS4;11 and Granta-519 were grown in MEM with 10% FBS. All the other lines were grown in RPMI 1640 medium with 10% FBS (20% FBS for Jeko-1, Kasumi-3, and KMS12-BM), 1mM sodium pyruvate, 10mM L-glutamine, and 25mM HEPES. Daudi, Ramos, Raji, RL Jeko-1, NCI-H929, U266, GDM-1, and Kasumi-3 cells were purchased from American Type Culture Collection. MEC-1, REH, 697, HC-1, RS4;11, WSU-FSCCL, Granta-519, and NCI-H929 cells were from the German Collection of Microorganisms and Cell Cultures. The sources of MM cell lines are as follows: KMS11, KMS12-PE, and KMS12-BM from Dr Takemi Otsuki (Kawasaki Medical School); CAG, OPM-6, and MM.1R from Dr Joshua Epstein (University of Arkansas), Dr Kenji Oritani (Osaka University), and Dr Steven Rosen (Northwestern University), respectively.
DNL constructs
mAb-IFN␣ (C2-2b-2b, 20-2b-2b, 734-2b-2b, and 14-2b-2b) were generated by the combination of a C H 3-AD2-IgG module ( Figure 1A ) with the IFN␣2b-DDD2 ( Figure 1B ) module with the use of the DNL method, as described previously. 14,16 C2-2b-2b comprises a C H 3-AD2-IgG module derived from hL243 IgG 1 . The 734-2b-2b and 14-2b-2b, which comprise tetrameric IFN␣2b fused with mAb h734 (humanized anti-indium diethylene triamine pentaacetic acid IgG 1 ) and hMN-14 (humanized anti-CEACAM5 IgG 1 ), respectively, were used as a nontargeting control mAb-IFN␣. Detailed methods for the production and purification of the DNL modules used to generate C2-2b-2b, as well as the generation of C2-2b-2b by DNL, are provided in supplemental Methods (available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Analytical methods
Size-exclusion high-performance liquid chromatography (SE-HPLC) was performed with an Alliance HPLC System with a BioSuite 250, 4-m UHR SEC column (Waters Corp). Immunoreactivity was assessed by mixing excess WT or anti-IFN␣ with C2-2b-2b before analysis of the resulting immune complex by SE-HPLC.
SDS-PAGE was performed with 4%-20% gradient Tris-glycine gels (Invitrogen). Immunoblot analysis was performed as described previously, 9 with all primary and HRP-conjugated second Abs from Cell Signaling Technology.
Electrospray ionization time of flight (TOF) liquid chromatography/ mass spectrometry was performed with a 1200-series HPLC coupled with a 6210 TOF MS (Agilent Technologies). C2-2b-2b was reduced with 50mM tris(2-carboxyethyl)phosphine and resolved by reversed-phase HPLC at 60°C, using a 20-minute gradient of 40%-80% acetonitrile in 0.1% aqueous formic acid with a Jupiter 300 column (Phenomenex). For the TOF MS, the capillary and fragmentor voltages were set to 5500 and 200 V, respectively.
IFN␣2b-specific activities were determined with the iLite Human Interferon Alpha Cell-Based Assay Kit (PBL Interferon Source), as described previously. 14 Cell binding, apoptosis, and in vitro cytotoxicity assays were performed as described previously. 15 
Ex vivo and in vivo methods
Blood specimens were collected under a protocol approved by the New England Institutional Review Board. All animal studies were approved by the Center for Molecular Medicine and Immunology Institutional Animal Care and Use Committee and were performed in accordance with regulations from the Association for Assessment and Accreditation of Laboratory Animal Care, US Department of Agriculture, and Department of Health and Human Services. In vitro Ab-dependent cellular cytotoxicity (ADCC) and CDC activity were assayed as described previously. 17 For ex vivo experiments, Daudi or CAG cells (5 ϫ 10 4 ) were mixed with heparinized whole blood (150 L) from healthy volunteers and incubated with mAbs or mAb-IFN␣ at 1nM for 2 days at 37°C and 5% CO 2 . The CAG plus whole blood mixtures were stained in triplicate with allophycocyanin (APC)-BDCA-1, PE-CD14, and FITC-CD19 for analysis of myeloid dendritic cell 1 (mDC-1), monocytes, and B cells; APC-BDCA-3, FITC-CD3, and PE-CD19 for analysis of mDC-2 and T cells; and FITC-BDCA-2 and APC-CD138 for analysis of plasmacytoid DC (pDC) and CAG cells. Labeled mAbs were purchased from BD Biosciences (FITC-CD19, FITC-CD3, and CD138) and Miltenyi Biotec Inc (APC-BDCA-1, APC-BDCA-3, FITC-BDCA-2, PE-CD14, and PE-CD19). DCs were not analyzed in the Daudi plus whole blood studies. Daudi cells were detected as CD19 ϩ cells in the monocyte gate; the normal B and T cells are CD19 ϩ and CD3 ϩ cells, respectively, in the lymphocyte gate in the side scatter versus forward scatter dot plot. Analyses were performed by flow cytometry with the use of a FACSCalibur (BD Biosciences).
In vivo efficacy in mice
Female 8-to 12-week-old C.B.17 homozygous SCID mice (Taconic) were inoculated intravenously with 1.5 ϫ 10 7 Daudi or 1.0 ϫ 10 7 CAG cells on day 0. Treatments were administered as a single subcutaneous injection on day 7. Saline was used as a control treatment. Animals, monitored daily, were humanely killed when hind-limb paralysis developed or if they became otherwise moribund. In addition, mice were killed if they lost Ͼ 20% of initial body weight. Survival curves were analyzed with Kaplan-Meier plots, using the Prism (Version 4.03) software package (GraphPad Software).
Statistical analyses
Statistical significance (P Ͻ .05) was determined with Student t tests for all results except for the in vivo survival curves, which were evaluated by log-rank analysis.
Results
Generation and characterization of C2-2b-2b
The HLA-DR-targeting IgG-AD2 module, C H 3-AD2-IgG-hL243 ( Figure 1A ), was combined with 2 molar equivalents of IFN␣2b-DDD2 ( Figure 1B ) and, following a mild redox reaction, C2-2b-2b ( Figure 1C ) was purified by Protein A affinity chromatography. SDS-PAGE (supplemental Figure 1) and SE-HPLC (supplemental Figure 2) analyses of the purity, molecular size, and immunoreactivity of C2-2b-2b are detailed as supplemental Results. Liquid chromatography/mass spectrometry analysis confirmed the mass of each of the 3 polypeptides comprising C2-2b-2b, with the experimental masses being consistent with the calculated masses from their deduced amino acid sequences and predicted posttranslational modifications, including O-linked glycosylation on a portion of the IFN␣2b-DDD2, 18 as well as N-linked glycosylation and aminoterminal pyroglutamate on the HC-AD2 polypeptide (supplemental Table 1 ; supplemental Figure 3 ).
Biologic activity
The mAb-IFN␣ bound similarly to live HLA-DR ϩ /CD20 ϩ cells as their parental mAbs ( Figure 2A ). The Ag density of HLA-DR is ϳ 6-fold greater than CD20 in these cells, 9 allowing more binding of C2-2b-2b compared with 20-2b-2b. Binding curves with the use of RL cells, which were analyzed with a one-site binding nonlinear regression model, showed that C2-2b-2b can achieve a similar B max and K d (1.8nM) as hL243␥4p. C2-2b-2b achieved a 3-fold greater B max and stronger binding affinity than with 20-2b-2b (K d ϭ 4.2nM) for these cells ( Figure 2B ).
The specific activities for the mAb-IFN␣ used in this study were measured with a cell-based reporter gene assay and compared with peginterferonalfa-2a ( Figure 2C ). The measured specific activities were similar among the 3 mAb-IFN␣ (3880-4146 IU/pmol, not significantly different), which were Ͼ 100-fold (P Ͻ .001) greater than that of peginterferonalfa-2a (32 IU/pmol).
In vitro cytotoxicity
A total of 22 cell lines comprising NHL (3 Burkitt leukemias, 2 mantle cell leukemias, and 1 follicular leukemia), leukemias (2 acute myeloid [AMLs], 2 chronic lymphocytic [CLLs], 3 acute lymphoblastic [ALLs] , and 1 hairy cell), and MM (8 lines) were evaluated for direct cytotoxicity of C2-2b-2b in vitro. The results, including the relative Ag densities of HLA-DR and CD20 and response to C2-2b-2b as well as control treatments with 20-2b-2b, hL243␥4p, nontargeting mAb-IFN␣ (734-2b-2b), and a combination of hL243␥4p and 734-2b-2b (hL243 ϩ 734-2b), are summarized in Table 1 , and the individual dose-response curves are shown in supplemental Figures 4-6. The 734-2b-2b, which uses an IgG-AD2 module that does not bind specifically to any cells or tissues, is the preferred control for nontargeting IFN␣, because it shares similar properties with C2-2b-2b, including structure, IFN␣ specific activity, and Pk.
The responsiveness of the cells to IFN␣ (determined with 734-2b-2b) varied widely, whereby 12 were insensitive (IC 50 Ͼ 20nM), 3 were moderately sensitive (20nM Ͼ IC 50 Ͼ 0.2nM), and 7 were highly sensitive (IC 50 Ͻ 0.2nM). With respect to hL243, 13 cell lines were 
Treatment with C2-2b-2b resulted in a Ͼ 50% maximal inhibition for all of the lines but 2 (of 3) ALLs, which were nonresponsive to both hL243␥4p and IFN␣. The IC 50 for C2-2b-2b varied widely (3 ϫ 10 Ϫ14 M to 8 ϫ 10 Ϫ9 M) among cell lines. The principal feature correlating with high potency of C2-2b-2b is the sensitivity of the cell line to IFN␣. Among the tested lines, the ALL and CLL were less responsive to C2-2b-2b; however, the sample size is too small to make any generalization about these leukemias. Similarly, the responsiveness of AML cannot be generalized, because one line was highly sensitive (IC 50 ϭ 6pM) to C2-2b-2b, whereas the other was only moderately responsive (IC 50 ϭ 8nM).
The potency of C2-2b-2b, which was directly associated with the cells' response to 734-2b-2b, was enhanced by targeting of HLA-DR in all Ag-positive cells. The targeting index (TI) represents the fold-increase in potency of a targeted mAb-IFN␣ compared with 734-2b-2b. Generally, the TI of C2-2b-2b was greater for cells with higher HLA-DR Ag density, whereas cells with very low Ag density, such as OPM6 (MM), exhibited a low TI. However, the TI is not directly proportional to Ag density. Notably, for each HLA-DR-positive line, the TI of C2-2b-2b is Ն 2 and greater than that of 20-2b-2b, even for Ramos, which has higher CD20 Ag density compared with HLA-DR. The results suggest that hL243-induced signaling can contribute to the TI of C2-2b-2b.
There were 8 lines that were sensitive to IFN␣ but not hL243. Half of these were more effectively inhibited by hL243 ϩ 734-2b compared with 734-2b-2b alone. The combination enhanced cytotoxicity on moderately IFN␣-sensitive cells but showed little or no improvement on highly IFN␣-sensitive lines, which are killed by IFN␣ at lower than the effective concentrations for hL243. These results suggest that the actions of hL243 and IFN␣ can have an additive effect on cell killing. Besides NCI-H929 (HLA-DR Ϫ MM), 7 of the 8 lines were more responsive to C2-2b-2b than to 734-2b-2b, and in each case C2-2b-2b was superior to hL243 ϩ 734-2b, indicating that, in addition to the additive actions of hL243 and IFN␣, targeting contributes to enhanced toxicity.
Six lines were sensitive to hL243 but not IFN␣. Compared with hL243␥4p alone, only one of these was more effectively inhibited with hL243 ϩ 734-2b, whereby 4 were more responsive to C2-2b-2b. The increase in cytotoxicity was relatively small for C2-2b-2b over hL243␥4p with the IFN␣-insensitive cells. Surprisingly, 4 of the 6 lines that were insensitive to both IFN␣ and hL243 were effectively inhibited by C2-2b-2b but not hL243 ϩ 734-2b. C2-2b-2b was substantially more potent than 734-2b-2b, hL243␥4p, or hL243 ϩ 734-2b against each of the 3 lines that were sensitive to both IFN␣ and hL243.
Apoptosis
Apoptosis was induced in Daudi (Burkitt leukemia) with only 1pM of any mAb-IFN␣ but not with 10pM of hL243␥4p ( Figure 3A) . Treatment with C2-2b-2b or 20-2b-2b resulted in significantly more apoptotic cells than 734-2b-2b or hL243 ϩ 734-2b (P Ͻ .001). There was no significant difference observed between 734-2b-2b and the mixture.
Treatment of Jeko-1 (mantle cell leukemia), which was sensitive to hL243␥4p but not IFN␣ in the cytotoxicity assay, with 0.5nM of hL243␥4p or 734-2b-2b induced similar levels of apoptosis, and their effects are apparently additive, because treatment with hL243 ϩ 734-2b resulted in approximately twice the number of annexin-V-positive cells compared with either agent alone ( Figure 3A) . Both C2-2b-2b and hL243 ϩ 734-2b were superior to 20-2b-2b (P Ͻ .002), because of the action of hL243.
Apoptosis of CAG (MM) was evident after treatment with hL243␥4p, 20-2b-2b, 734-2b-2b, or hL243 ϩ 734-2b at 1nM, but not at 0.1 or 0.01nM. C2-2b-2b induced apoptosis even at 0.01nM and is Ն 100-fold more potent than either single agent alone and Ն 10-fold more potent than the hL243 ϩ 734-2b combination ( Figure 3B ).
Signaling
We have recently reported that binding of hL243␥4p to HLA-DR activates ERK and JNK MAPK signaling pathways. 9 In Daudi, C2-2b-2b (20nM) induced more tyrosine phosphorylation of ERK1/2 than hL243␥4p or 734-2b-2b, which each increased p-ERK1/2 levels compared with untreated cells ( Figure 3A) . C2-2b-2b treatment increased p-JNK1/2 levels appreciably more than hL243␥4p, and no p-JNK1/2 was evident in cells treated with 734-2b-2b ( Figure 4A ). IFN␣ activity is mediated through phosphorylation of STATs after binding of type I IFN receptors. C2-2b-2b and 734-2b-2b both induce robust phosphorylation of STAT1 and STAT2 in Daudi ( Figure 4A ). Whereby STAT1 activation is required for IFN␣-mediated cell death, 19 STAT3 is a main survival factor in MM, 20 and possibly other tumor types. In CAG (HLA-DR ϩ /CD20 Ϫ MM), C2-2b-2b induced more p-STAT1 and p-STAT3 than 20-2b-2b (nontargeting for these cells) because of targeting. Notably, phosphorylation of STAT1 is more robust than STAT3, particularly at lower concentrations ( Figure 3B ). Induction of STAT3 phosphorylation is not a unique property of mAb-IFN␣, because it was up-regulated similarly with rIFN␣2b and peginterferonalfa-2a (supplemental Figure 7) . In addition to increasing potency (lower IC 50 ), targeting of IFN␣ to HLA-DR (or another Ag) can increase the tumor residence time and prolong IFN␣ signaling. This effect was studied with Daudi cells, which were treated for 1 hour at 0.1nM with C2-2b-2b or 734-2b-2b and then washed before further incubation for 48 hours ( Figure 4C ). Unlike cells treated with the nontargeting 734-2b-2b, whereby p-STAT1was negligible as early as 6 hours after washing, p-STAT1 persisted for 48 hours after washing in cells treated with C2-2b-2b. Phospho-STAT1 persisted longer than p-STAT3, which was minimal by 6 hours.
Effector functions
By design, hL243␥4p has diminished ADCC, 11 yet hL243 IgG 1 exhibits potent ADCC ( Figure 5A ). ADCC was greater for C2-2b-2b (41.4% lysis) than for hL243 IgG 1 (38.0%). Although significant (P ϭ .009), the enhancement was modest compared with that achieved with 20-2b-2b over its parent, veltuzumab ( Figure 5B), as was also reported previously. 14 The relatively small enhancement is probably because of the potent ADCC of hL243 IgG 1 . C2-2b-2b induced significantly (P ϭ .002) greater ADCC than 20-2b-2b (supplemental Figure 9B) . Only hL243 IgG 1 , but not hL243␥4p or C2-2b-2b, induced CDC in vitro ( Figure 5C ).
Ex vivo depletion of lymphoma and myeloma from whole human blood
Daudi (NHL) and CAG (MM) cells were depleted from whole blood (ex vivo) more effectively by C2-2b-2b than with hL243␥4p, 734-2b-2b, or hL243 ϩ 734-2b. C2-2b-2b was less toxic to normal B cells than with Daudi or CAG ( Figure 6 ). Under these conditions, B cells were depleted by C2-2b-2b (62%) and hL243␥4p (44%), hL243 ϩ 734-2b (74%), but not by 734-2b-2b. None of the treatments significantly depleted T cells. Monocytes were depleted more by C2-2b-2b (58%) and hL243 ϩ 734-2b (50%) than with hL243␥4p (15%) or 734-2b-2b (5%). C2-2b-2b and hL243 ϩ 734-2b depleted DCs, with mDC-1 and mDC-2 being more sensitive than pDCs. The mDC-1s were depleted by hL243␥4p (41%), and the mDC-2s were depleted by both hL243␥4p (38%) and 734-2b-2b (55%).
In vivo therapy of lymphoma and myeloma xenografts
The efficacy of C2-2b-2b was evaluated in xenografts with the use of established Daudi or CAG disease models, whereby a singledose treatment was given 7 days after tumor inoculation (Figure 7) . In preliminary dose-escalation experiments, a 1-g (15 500 IU) dose of C2-2b-2b significantly (P Ͻ .001) improved survival in both models ( Figure 7A-B) . A 10-g dose of C2-2b-2b resulted in 70% and 80% long-term survivors (LTSs) for Daudi and CAG, respectively. On termination of the study, necropsies performed on the LTSs showed no visible evidence of disease, indicating that the animals were cured. Even at the highest dose (60 g), there was no evidence of acute or chronic toxicity in any animal. In a comparative study ( Figure 7C ), a single 1-g (15 500 IU) dose of C2-2b-2b significantly (P Ͻ .001) increased the median survival time (MST) (Ͼ 139 days) of Daudi-bearing mice than for groups treated with saline control (MST ϭ 42 days); an equivalent 1-g (15 500 IU) dose of 734-2b-2b (MST ϭ 45.5 days); a mixture of 0.6 g of hL243 IgG 1 and 15 500 IU of rhIFN␣2b (MST ϭ 52.5 days); 1 g 
Discussion
We developed an immunocytokine comprising tetrameric IFN␣2b site-specifically tethered to the humanized anti-HLA-DR mAb, hL243, and evaluated its potential use for therapy of a variety of hematopoietic neoplasms. The results show that the HLA-DRtargeted mAb-IFN␣, C2-2b-2b, is more potent and effective than either IFN␣ or hL243 alone or in combination. In addition, C2-2b-2b is more potent and more widely applicable than CD20-targeted mAb-IFN␣ (20-2b-2b) .
Clinically, the use of mAb-targeted IFN␣ may allow less frequent dosing of a single agent and may reduce or eliminate side effects associated with IFN␣ therapy. The literature suggests that targeted IFN␣ might also induce an acute tumor-directed immune response and evoke immune memory. 21, 22 Because murine cells are considerably less sensitive (ϳ 4 logs) than human cells to human IFN␣2b, 23, 24 the antitumor activity of mAb-IFN␣ in murine models is primarily because of the direct action of IFN␣2b on the tumor cells and cannot be attributed to immunoactivation in the host. In the ex vivo studies, C2-2b-2b depleted normal B cells, monocytes, and DCs. This potential pharmacodynamic effect that might be associated with anti-HLA-DR as well as IFN␣ therapy would probably be transient, because the cell populations should be repopulated from hematopoietic stem cells. The therapeutic potential of the mAb-IFN␣, including efficacy as well as side effects and limitations, must be evaluated in patients, whereby careful monitoring of toxicity will be important for this potent agent.
Even without immunoactivation, C2-2b-2b effectively eliminated NHL and MM xenografts in vivo. Fusion of IFN␣ to hL243 increases its in vivo potency by prolonging circulation and tumor targeting. C2-2b-2b was significantly more potent than either 734-2b-2b or peginterferonalfa-2a (given at a 20-fold higher dose), showing that tumor targeting by the anti-HLA-DR mAb is critical for its superior potency and efficacy. In the Daudi model, a remarkably low dose of 1 g (4 pmol) of C2-2b-2b significantly improved survival and was superior to similar doses of 734-2b-2b or hL243 IgG 1 combined with rIFN␣2b. A single C2-2b-2b dose of Ն 10 g resulted in a high percentage of cures in both models. We previously reported that 20-2b-2b, which targets IFN␣ to CD20 on B-cell lymphoma, exhibited similarly high potency and efficacy in a comparable Daudi model, whereby a single 1.7-g dose of 20-2b-2b significantly increased survival time, and greater doses resulted in a high percentage of LTS. 14 The in vivo efficacy with Daudi correlates with the in vitro cytotoxicity results, whereby both C2-2b-2b and 20-2b-2b show subpicomolar IC 50 .
The effect of targeting was evident in the in vitro cytotoxicity study, which indicated that HLA-DR Ag density and sensitivity to the actions of IFN␣2b and hL243 each affect the in vitro responsiveness of a particular cell line to C2-2b-2b. Most of the lines were inhibited more effectively by C2-2b-2b than by hL243 ϩ 734-2b, which may be due solely to an increased local concentration of IFN␣ as a result of tumor targeting. Alternatively, crosslinking with HLA-DR may prevent the internalization or down-regulation of the type I IFN receptors, resulting in a more prolonged and effective IFN␣-induced signal.
In some cases, hL243 and IFN␣ signaling may act additively, resulting in more potent killing. We have reported that hL243 induces apoptosis in some malignant (and some normal) cell types by signaling pathways that involve the MAPKs ERK and JNK, which are phosphorylated in response to HLA-DR binding on sensitive, but not insensitive, cell lines and CLL patient samples. 9 In addition, hL243-induced apoptosis was abolished with a combination of ERK and JNK inhibitors. 9 C2-2b-2b up-regulated phosphorylation of ERK1/2 and JNK1/2 more robustly than hL243␥4p, suggesting that IFN␣ signaling may potentiate hL243-induced apoptosis under certain conditions. In cases in which the effective concentrations of IFN␣ and hL243 overlap, including moderately IFN␣-sensitive (20nM Ͼ IC 50 Ͼ 0.2nM) cells, such as Raji or KMS12-PE, and poorly IFN␣-sensitive cells, such as Jeko-1 or WAC, an additive effect was observed for hL243 ϩ 734-2b, which was more potent than either single agent.
STAT3 is constitutively active in a number of human cancers 25 and is a key mediator of the prosurvival function of IL-6 in MM and NHL. 26, 27 In contrast, STAT1 is a promoter of apoptosis, [28] [29] [30] and its activation can counteract the prosurvival effects of STAT3. 31 Thyrell et al 32 showed that treatment of MM cell lines with IFN␣ resulted in decreased STAT3 activity, diminished STAT3/3 (homodimer) DNA binding, and a shift from STAT3/3 to STAT3/1 heterodimers, which lead to the down-regulation of the STAT3 targets, BCL-XL, Mcl-1, and survivin. MAb-IFN␣ (targeted or nontargeted) induced phosphorylation of both STAT1 and STAT3; however, phosphorylation of STAT1 was more robust, stimulated at lower concentrations of mAb-IFN␣, and longer lasting than that of STAT3. Targeting with C2-2b-2b results in increased potency and extends the duration of IFN␣ signaling. In experiments designed to mimic in vivo conditions, whereby cells were washed after a short treatment with C2-2b-2b, p-STAT3 diminished to negligible levels by 6 hours after washing, yet p-STAT1 persisted for Ն 48 hours. The levels of both p-STAT1 and p-STAT3 decreased rapidly after washing of cells treated with nontargeting mAb-IFN␣. Extended activation of STAT1 over STAT3, which may sustain tumor cells in a proapoptotic state, might be an important advantage of targeted mAb-IFN␣ immunotherapy with constructs such as C2-2b-2b.
The modular DNL method has been invaluable for our development and evaluation of immunocytokines. It has allowed facile construction of defined multifunctional structures that maintain the biologic properties of their individual components, as well as ideal control structures, such as 734-2b-2b, which have the same architecture and specific activity as C2-2b-2b, but do not target cells. Immunocytokines produced with the DNL method are stable in plasma and are suitable for in vivo applications. 14 We and others have reported that fusion proteins comprising CD20-targeting mAbs and IFN␣ are more effective against NHL than are combinations of mAb and IFN␣ in xenograft and syngeneic mouse models, indicating that mAb-IFN␣ can overcome the toxicity and Pk limitations associated with IFN␣. 14,33 The prototype mAb-IFN␣, 20-2b-2b, 14 is under development for CD20-targeted immunotherapy of NHL. CD20 is a preferred target for this disease because it is expressed at high levels on the cell surface of many B-cell NHLs, and its expression on normal cells is essentially limited to B cells. The potential benefits of therapy with 20-2b-2b will probably be limited to patients with NHL and possibly with CLL. Our prior surveys of NHL, MM, AML, ALL, and CLL cells found high-level HLA-DR and CD20 expression associated with 79% and 45% of the cell lines, respectively, and most often the Ag density of HLA-DR was markedly greater than that of CD20. 9, 15 The broader range and higher-level of HLA-DR expression makes C2-2b-2b attractive for use in therapy of diverse malignancies. We recently described the first bispecific mAb-IFN␣, 20-C2-2b, which targets dimeric IFN␣ to both HLA-DR and CD20. 15 Although the bispecific immunocytokine may be highly effective for therapy of tumors expressing both Ags, including NHL and the proposed myeloma cancer stem cells, it may be less attractive for therapy of CD20 Ϫ tumors than C2-2b-2b, which has double the IFN␣ activity and would be subjected to less of an Ag sink.
More than 20 years ago, Bridges et al 34 demonstrated that an antimurine MHC class II mAb could cure B-cell lymphoma in a mouse model and suggested class II Ags as potential therapeutic targets. HLA-DR expression on many normal cell types may be a limitation because of the Ag sink and potential toxicity. 35 However, the Ag for approved Abs such as rituximab (CD20) and cetuximab (epidermal growth factor receptor) as well as many additional Abs under clinical investigation are also expressed, sometimes widely, on normal cells, showing that these limitations can be managed. Anti-HLA-DR mAbs, including hL243 IgG 1 , induce apoptosis, ADCC, and CDC. 9, 11, 36 Although ADCC may enhance therapeutic potential, CDC is largely responsible for the side effects associated with the mAb infusion 37 and may have limited the clinical use of another anti-HLA-DR mAb, Hu1D10. 38 The hL243␥4p variant (IMMU-114), which was engineered for improved clinical safety by using the constant region of the human IgG 4 isotype, maintains the ability to induce apoptosis but has diminished ADCC and CDC. 9, 11 Clinical investigation of IMMU-114 will be useful for identifying potential toxicity issues that may be associated with C2-2b-2b. C2-2b-2b, which is derived from hL243 IgG 1 , also maintains signaling/apoptotic properties and ADCC of its parent mAb, but it lacks the toxicity associated with CDC, similar to hL243␥4p. This unique combination should be advantageous for immunotherapy. We anticipate little toxicity, because of the lack of CDC and the anticipated low-level dosing that would be used for C2-2b-2b.
We have demonstrated a high degree of variability among tumor lines with respect to their sensitivity to IFN␣, hL243, and C2-2b-2b in vitro. However, ADCC and the actions of immune effector cells, which can be stimulated by the high local concentration of IFN␣, may augment tumor killing in vivo. Therefore, even HLA-DR ϩ tumors that are not responsive to the direct actions of hL243 or IFN␣ might still be responsive to C2-2b-2b immunotherapy.
